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SATELLITE METHODS AND STRUCTURES FOR IMPROVED 
ANTENNA POINTING AND WIDE FIELD-OF-VIEW 
ATTITUDE ACQUISITION 

BACKGROUND OF THE INVENTION 

Field of the Invention 
5 The present invention relates generally to satellites and, more 

particularly, to antenna pointing and to wide field-of-view attitude 
acquisition of satellites. 
Description of the Related Art 

The diagram 20 of FIG. 1A illustrates a satellite 22 that orbits in an 

10 orbital plane 24 about the earth 26. The satellite has a satellite body 28 
which carries an antenna system 29 and solar panels 30 that generate 
power for the satellite. Although the satellite's orbital plane 24 may be 
coplanar with the earth's equatorial plane 32, it is shown more generally 
as having an inclination 34. 

15 The satellite 22 may be in a synchronous orbit or alternatively, in a 

nonsynchronous orbit. FIG. 1A illustrates the synchronous alternative by 
showing the satellite in positions 22A, 22B and 22C at exemplary times 
T 0 , T 0 + 6 hours and T 0 + 12 hours. The satellite 22 provides a service 
(e.g., communication service) to a service area 40 on the earth which is 

20 shown in corresponding positions 40A, 40B and 40C. 

FIG. 1A also illustrates the nonsynchronous alternative by 
indicating that the satellites at positions 22B and 22C may be different 
satellites 36 and 38. In the nonsynchronous alternative, FIG. 1A 
represents one instant in time (e.g., the time T 0 ) and the satellites 22, 36 

25 and 38 serve respective service areas 40A, 40B and 40C. 

FIG. IB is an enlarged view of the satellite in position 22A. This 



figure shows that the antenna system 29 of the satellite 22 generates a 
payload beam 42 which forms a payload footprint 44 on the earth 26. The 
payload beam generally includes a large number of individual spot 
beams. In order to enhance the satellite's provided service and reduce the 
5 energy needed to provide that service, the payload footprint 44 is 
preferably coincident with its respective service area. Stated differently, 
it is important to reduce service error which is any difference between 
the payload footprint 44 and its respective service area. 

The importance of reduced service error has created a need for 

10 satellite methods and structures that improve antenna pointing. Sources 
of error in antenna pointing include mechanical misalignment, thermal 
deformation, ephemeris error and orbit error. Most systems that improve 
antenna pointing depend upon sensed signals from attitude references 
(e.g., sun, stars and earth's horizon). A conventional attitude reference 

15 that improves antenna pointing is a beacon ground terminal that 
radiates a beacon signal. This provides the satellite's receiving antennas 
with a reference signal from a predetermined terminal location. Beacon 
systems, however, require additional satellite hardware and the cost of a 
dedicated beacon terminal. 

20 Accordingly, various alternatives have been proposed. For example, 

U.S. Patent 3,060,425 radiated a suppressed-carrier, double sideband 
signal from a plurality of antennas that were arranged transversely to a 
selected axis of a satellite. These signals were received at an earth-based 
terminal and demodulated to yield phases and amplitudes indicative of 

25 the satellite's attitude with respect to the selected axis. This method 
requires accurate interferometry equipment and is difficult to implement 
with conventional communication terminals. 

In a method of U.S. Patent 4,790,071, three different phase-shifted 
pulses, one sum pulse and two delta pulses, are generated on a satellite 

30 and transmitted to an earth-based terminal. The delta pulses and sum 
pulse are used to form two delta-to-sum ratios that indicate relative 
attitude between the satellite and the terminal. This method requires 
special phase shift patterns of the antenna which can not be used to 
generate regular service beams. 

35 U.S. Patent 4,599,619 and U.S. Patent 4,630,058 apply two 

satellite-generated beacon beams, one regular beam from the satellite 
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restrictive. 

The paper by Loh, "On Antenna Pointing for Communications 
Satellite" discusses many methods of determining satellite antenna 
beam pointing, including sun, earth, star and beacon sensors. There is 
5 also discussed a system of pointing based on a on-board multiple-beam-antenna 
(MBA) system. The MBA sensing system processes the magnitudes of 
signals received from a known uplink site by singlet beams of an on- 
board MBA system to provide the error for antenna pointing control. 
Providing good attitude information using this single uplink site taught 

10 by Loh requires that position of the uplink site in the singlet beam 
pattern provides good observability of attitude. Most combinations of 
uplink site and singlet beam pattern optimized for communication will 
not have good observability. The current invention addresses this by 
using multiple uplink sites. 

15 Loh describes three techniques of closed loop control of antenna 

beam pointing classified under "A.2 On-Ground Sensors". These are 
"Ratio of Signals at Various Sites", "Downlink C/KT's measured by a 
Spectrum Analyzer" and "Location Determination Using Singlets of 
MBA". However, the first technique simply describes and references the 

20 teachings of U.S. Patent 4,630,058, discussed above. The second 
technique "assumes that the downlink C/KT's of each FDMA transponder 
is measured at a ground station by a spectrum analyzer. The ratios of 
measured C/KT's to the desired values are used as pointing error for 
footprint control." 

25 A system based on this is described in the section "Ground-based 

Closed-loop Satellite Antenna pointing Control System", and depicted in 
Figure 10 (using four ground sites for one antenna beam), of the Loh 
paper. Here Loh is teaching a system very similar to that of U.S. Patent 
6,150,977, and teaches away from systems using multiple ground sites 

30 and multiple antenna beams. 

The third technique is to receive the signals from a known uplink 
site by singlet beams of an on-board multiple-beam antenna (MBA) and 
to transpond these signals to the ground, where beam pattern databases 
and processing software reside in a computer on the ground processing 

35 center. As in the other MBA system Loh describes, most MBA singlet 
patterns would have to be modified to provide good observability using a 
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single uplink site. 

It is therefore apparent that conventional antenna pointing 
methods have generally required the addition of substantial processes 
and structures beyond those required to realize the intended services of 
5 satellites or their application has been limited to antennas that generate 
moving patterns on the earth's surface. 

With respect to satellite attitude acquisition, conventional 
beacon-based satellite attitude acquisition methods have typically been 
restricted to narrow fields-of-view because they utilize ground-based 
10 beacon signals. 

BRIEF SUMMARY OF THE INVENTION 

The present invention is directed to methods and structures that 
15 reduce pointing errors £ of satellite antennas without interrupting the 
satellite's service and that provide wide field-of-view satellite attitude 
acquisition. 

In one method embodiment of the invention, a satellite antenna has 
an estimated attitude (3 and transmits transmit beams that overlap in an 

20 overlap region where their gains are decreasing from their respective 
maximum gains. Neither of these overlapping beams fully covers the 
region covered by the other beam. At least one ground-based receiving 
terminal has a known terminal location X within the overlap region and 
measures received signal strengths a of the transmit beams. Pointing 

25 error £ of the satellite antenna is then determined from the estimated 
pointing attitude (5, the terminal location X and the received signal 
strengths a. The pointing error £ is subsequently reduced by appropriate 
revision of the pointing attitude (3. 

In another method embodiment, a plurality of ground terminals of 

30 known terminal locations X receive signal strengths a from at least one 
satellite transmit beam that has a known signal-strength function. 
Pointing error £ is determined from the attitude (3, the signal 
strengths a, terminal locations X and the signal-strength function. 

In one method embodiment of wide field-of-view attitude 

35 acquisition, a plurality of transmit beams are transmitted from a 
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satellite with different respective transmit parameters P^ r . The satellite 
is slewed in a search trajectory that sweeps the transmit beams over a 
ground-based receiving terminal with a search order wherein the 
receiving terminal has a known terminal location X. The transmit beams 
5 are identified from their received respective transmit parameters P^ r and 
their received signal strengths a are measured. The satellite attitude is 
determined from the identified transmit beams, the search order, the 
terminal location X and the received signal strengths a. 

The novel features of the invention are set forth with particularity 
10 in the appended claims. The invention will be best understood from the 
following description when read in conjunction with the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 

FIG. 1A is a view of the earth, a service area on the earth and an 
orbiting satellite which is intended to provide a service to the service 
area; 

FIG. IB is a side view of FIG. 1A which shows a payload beam and 
20 a payload footprint that are generated by the satellite's antenna system; 

FIG. 2 is a flow chart that illustrates a method embodiment of the 
invention; 

FIG. 3 is a perspective view of FIG. 1A that illustrates the method 
of FIG. 2; 

25 FIG. 4A is a side view of FIG. 3 which illustrates the beam pattern 

of FIG. 2; 

FIG. 4B is a plan view of another beam pattern that may be used in 
the method of FIG. 2; 

FIGS. 5A-5D are diagrams of other beam patterns that may be used 
30 in methods of the invention; 

FIGS. 6A and 6B are diagrams of beam signal strengths as 
functions of angular displacement in the beam patterns of FIGS. 5A and 
5C; 

FIG. 7 is a flow chart that illustrates another method embodiment 
35 of the invention; and 

FIG. 8 is a front view of a satellite that practices the methods of the 
invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

Attention is initially directed to antenna pointing aspects of the 
invention. The flow chart 60 of FIG. 2, for example, recites process steps 
5 that improve antenna pointing. In particular, the method of FIG. 2 is 
directed to the reduction of pointing errors £ of satellite antennas and has 
a first step 62 in which a transmitting antenna transmits n transmit 
beams which have estimated pointing attitudes |3 and overlap in an 
overlap region where their gains are decreasing from their respective 

10 maximum gains. 

With at least one ground-based receiving terminal that has a 
terminal location X within the overlap region, received signal strengths a 
of the transmit beams are measured in process step 64. In process step 
66, the pointing error £ is determined from the estimated pointing 

15 attitude |3, the terminal location X and the signal strengths a. Finally, 
pointing attitude (3 are revised in process step 68 to reduce the 
determined pointing error £. The processes of FIG. 2 are disclosed in 
greater detail in the following descriptions of FIGS. 3, 4, 5A-5C, 6A and 
6B. 

20 In FIG. 3, a satellite 80 has a body 81 which carries an antenna 

system 82 and solar panels 83 that generate power for the satellite. The 
satellite provides service (e.g., communication service) for terminals in a 
service area 82 on the earth 84. Exemplary terminals are user terminals 
86 (fixed and mobile), a communication gateway 87, a command and 

25 control terminal 88 and a satellite-pointing-determination terminal 89. 

In particular, the satellite provides service by generating a plurality 
of communication spot beams (e.g., 91 and 92) that form a combined 
angular coverage width 90 and a payload footprint on the earth 84 that 
is preferably coincident with the service area 82. In the exemplary case 

30 in which the antenna system 82 is a phased array antenna, each of the 
spot beams has an associated respective phase shift. In the exemplary 
case in which the antenna system 82 is a feedhorn-and-reflector antenna 
system, each of the spot beams is generated by a respective feedhorn. 
The satellite 80 of FIG. 3 includes an attitude control system that 

35 provides the satellite's estimated antenna pointing attitude (3 of process 
step 62 of FIG. 2. To realize process step 62, the spot beams 91 and 92 of 
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FIG. 3 are generated so that their footprints overlap in an overlap region 
94. As recited in process step 64 of FIG. 2, a terminal 96 is provided with 
a known terminal location X that is positioned in the overlap region 94 
and it measures respective received signal strengths a of the beams 91 
5 and 92. 

FIG. 4A is a side view of FIG. 3 with a local surface of the earth (84 
in FIG. 3) approximated by a broken line 99. The terminal 96 is in the 
overlap region of the beams 91 and 92. Because the overlap region is 
spaced from the boresights of the beams 91 and 92, the beam gains are 

10 reducing from their maximum gains. Accordingly, angular displacement 
of the terminal 96 in the overlap region will generate significant changes 
in the received signal strengths a. That is, the received signal strengths 
a are quite sensitive to angular displacement in the overlap region 94. 
In general, the received signal strengths a are described by 

15 a = tiP(0, C, X) (1) 

in which ti is local attenuation of the signal strength at location X and P( ) 
is a function that defines the spot beam shape in terms of estimated 
pointing attitude (3, pointing error £ and terminal location X. Because the 
estimated pointing attitude (3 and the terminal location X are known and 

20 the shape function P( ) is predetermined, a data processor on the satellite 
80 or the earth 84 can generate predicted signal strengths at the 
terminal 96 for each of the beams 91 and 92. 

In particular, the local attenuation t] is not known but it is 
substantially constant in the vicinity of the terminal 96 so that 

25 comparisons or ratios of the received signal strengths a contain the 
requisite information on angular displacement between the actual beam 
locations and the terminal location X. In accordance with process step 66 
of FIG. 2, therefore, the terminal 96 can measure the received signal 
strengths a. and determine the pointing error £ on the basis of differences 

30 between predicted signal strengths (from the known pointing attitude P, 
terminal location X and shape function P( )) and the received signal 
strengths a. 

Satellite antenna boresight pointing errors £ can generally be 
defined by two angular errors, roll error angle £ r and pitch error angle 
35 £p. While rotational pointing errors around the direction of the antenna 
boresight ( M yaw errors") are generally of lesser importance than roll and 
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pitch errors, they can also be solved for if sufficient data is available, 
most obviously if measurements from two widely separated ground 
stations is available. 

Obtaining accurate measures of both £ r and £ p requires at least 
5 three antenna beams with overlapping footprints wherein the terminal 
location X is positioned in the overlap region. FIG. 4B, for example, shows 
that spot beams 91 and 92 and a third spot beam 93 overlap to form an 
overlap region 94 which contains the terminal location X. To determine 
pointing errors £, the terminal at location X measures signal strengths 
10 a (X2 and 0(3 of the three spot beams. In accordance with relationship 
(1) above, the pointing errors £ and attenuation t] are determined from 
relationships 

a x = TiP(Px, C, X), a 2 = nP(P2> t W and a 3 = tiP((3 3 , C, X) (2) 
which are sufficient to determine attenuation tj, roll error angle £ r and 
15 pitch error angle £ p . 

Preferably at least three overlapped spot beams such as those of 
FIG. 4B are transmitted as they are sufficient to determine the pointing 
errors. Additional spot beams, however, further simplify the 
determination. 

20 For example, FIG. 5A illustrates a beam pattern 100 that comprises 

four overlapped communication spot beams 101, 102, 103 and 104 
associated with broken lines 106 and 107 which have north-south and 
east-west orientations. A terminal location 96 is in the overlap region of 
these beams. Signal strengths a of these beams can be organized in 

25 relationships 

a 101- a 103 = p x X) t «102- g 104 p , X) (3) 
a 101 +0t 103 ' ' ' a 102 +a 104 P P P 
in which p r and (3 p are estimated roll and pitch antenna pointing 
attitudes and q r and q p are roll and pitch functions of antenna pointing. 
The pointing errors £ r and £ p can be easily determined from these two 
equations. 

In the prior example, beams 101, 102, 103 and 104 are contiguous 
and all observable from the single station 96. However, the pointing can 
35 be similarly determined by equation (3) even if beams 102 and 104 



30 
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overlap only each other and not beams 101 and 103. This can be 
accomplished by using a second station in the overlap region of beams 
102 and 104 to measure the signal strengths of 102 and 104. 

It is not necessary that the centers of the overlap regions be aligned 
5 with the north-south and east-west axes. As long as the lines of the 
centers of the overlap regions are along linearly independent directions, 
the computations of the left hand sides of equation (3) will compute 
linearly independent beam errors. If the lines are not north-south and 
east-west, these linearly independent beam errors will not be the pure 

10 roll and pitch errors, but linear combinations of roll and pitch. However, 
the roll and pitch errors can be simply extracted by solving two equations 
in two unknowns. If there are more than two sets of overlapping beam 
measurements, then the yaw error can be calculated as well, and/or least 
squares or Kalman filter techniques can be used to form an improved 

15 estimate of roll and pitch. 

A data processor on the satellite 80 or the earth 84 can therefore 
carry out process step 66 of FIG. 2 to determine the pointing errors £ r 
and £p. In response to this error, the attitude control system or the 
antenna control system of the satellite can change at least one of satellite 

20 attitude or antenna pointing attitude with respect to the satellite (e.g., 
via an antenna positioning mechanism or via revised beam phase shifts 
if a phased array antenna is involved) as indicated by process step 68 of 
FIG. 2. 

Yaw antenna pointing errors (pointing error along the antenna 
25 boresight) can be determined by utilizing a second set of overlapped spot 
beams that is spaced from a first set. FIG. 5B, for example, illustrates a 
first set 108 of overlapped communication spot beams and a second set 
110 that is angularly spaced from the first set. Terminal locations \± and 
X2 are positioned respectively within the overlap regions of the first and 
30 second sets. Because these sets are angularly spaced, they generate 
pointing error £ information which can be resolved into a yaw error 
component £y. 

FIG. 6Ais a plot 120 of signal strengths 121 and 122 respectively of 
the spot beams 91 and 92 of FIG. 4B as a function of angular 
35 displacement. It is noted that the terminal 96 is in an overlap region 
where the gains of the spot beams are reducing from their maximum 
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gains. The terminal 96 will thus realize respective received signal 
strengths 131 and 132 which indicate angular displacement of the beams 
91 and 92 relative to the terminal 96. It is noted that the terminal 
locations X of many of the ground terminals (e.g., the communication 
gateway 87) of FIG. 3 can be predetermined. For others (e.g., mobile user 
terminals 86), their terminal location X can be determined with the aid of 
signals from the global positioning system (GPS). 

In an transmit embodiment of the invention, the estimated pointing 
attitude 0, the terminal location X and the signal strengths a are 
communicated to a ground terminal (e.g., the satellite-pointing- 
determination terminal 89 of FIG. 3) where the pointing error £ is 
determined and subsequently uplinked to the satellite via its antenna 
system (82 in FIG. 3) for cancellation of the pointing error C- This process 
may be facilitated by characterizing the pointing error £ in a suitable 
form (e.g., a Fourier series). In another embodiment, the signal strengths 
a are uplinked to the satellite and the pointing error C is determined at 
the satellite. 

To illustrate a reduction of the pointing error £ of satellite receiving 
antennas, beams such as beams 101-104 of FIG. 5A may be considered to 
be receive beams (i.e., they represent reception gains of the satellite's 
antenna system (82 in FIG. 3). The terminal 96 of FIG. 5A, for example, 
now transmits a transmit signal and received signals strengths a are 
measured on the satellite (80 in FIG. 3). Preferably, no more than two 
receive beams are measured from at least one of the transmit terminals. 
If it has not been predetermined, the terminal location X is uplinked to 
the satellite and the pointing error C is determined at the satellite. 
Alternatively, the received signals strengths a are downlinked to the 
ground terminal where the pointing error £ is determined. 

Greater numbers of ground terminals are generally required to 
determine pointing errors with single or multiple communication beams 
when no terminal location X is positioned within an overlap region. In 
particular, ground terminals are required that have terminal locations X 
within skirt regions of the single or multiple beams where gains are 
reducing from their maximum gains. 

For example, the diagram 140 of FIG. 5C illustrates footprints 142 
of a single transmitted communication beam wherein the footprints 
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define different beam gains (e.g., -ldB, -3dB, -6dB and so on) that reduce 
from a maximum beam gain at the beam boresight 144 which is at the 
intersection of north-south and east-west lines 106 and 107. A plurality 
of terminal locations 146 are positioned in the skirt regions of the beam 
5 and, accordingly, they measure signal strengths 

04 = TiiP(P, C, *i) (4) 
wherein r|j denotes local attenuations at respective locations Xj. 

Although signal-strength relationships (4) contain more unknowns 
than relationships, the invention addresses the attenuation r\ as a 
10 random factor that perturbs the measured signal strengths and thereby 
determines the pointing error £ by fitting the measured signal 
strengths 04 with the beam shape function P( ) 

FIG. 6B is a plot 150 of signal strength 151 that corresponds to the 
footprints 142 of FIG. 5C that are concentric about the beam boresight 
15 144. As shown, each of the terminals 146 of FIG. 5C will realize a 
respective signal strength 156. 

FIG. 5D illustrates a beam pattern 160 that comprises overlapped 
spot beams 161, 162 and 163 which are generated by a multiple-beam 
antenna but wherein all of the terminal locations 164 are outside an 
20 overlap region 166. An i-th terminal within the spot beam 161 measures 

received signal strengths a 161i = ni61,i p 161 ( Pl61> C» X 161,i>> a J~ th 
terminal within the spot beam 162 measures received signal strengths 

a 162j = T H62j p 162 ( Pl62» t X 162j>> and a k " th terminal within 
the spot beam 163 measures received signal strengths 

25 a 163,k = ^^kP^I 3 ^' C, X 163,k>- The invention addresses the 
attenuation factors Tiigl, T 1l62 anc * ^163 as random factors that perturb 
the measured signal strengths and thereby determines the pointing error 
£ by fitting beam shape functions Pi6l(*), Pl62^ an{ * P 163^ to 
measured signal strengths cc^g^ a 162 and a 163- 

30 A large number of terminals are preferably included in order to 

enhance the error accuracy. Exemplary terminals are hand held 
telephones which typically contain GPS receivers to facilitate billing 
processes and which generally transmit their positions to satellites to 
facilitate selection of advantageous communication frequencies. 

35 It is noted that the teachings of the invention may be used to 
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determine pointing errors £ of satellite transmitting antennas when 
beam footprints (e.g., those of FIGS. 5A-5D) are generated by a satellite 
transmitter system, Alternatively, these teachings may be used to 
determine pointing errors £ of satellite receiving antennas when the 
5 beam footprints are generated by a satellite receiver system. 

In transmitting-antenna applications of these latter embodiments 
of the invention, the estimated pointing attitudes (3, the terminal location 
k and the signal strengths a received at ground terminals (that are 
positioned in beam skirt regions) are communicated to at least one 

10 ground terminal (e.g., the satellite-pointing-determination terminal 89 of 
FIG. 3) where the transmitting-antenna pointing error £ is determined 
and subsequently uplinked to the satellite via its antenna system (82 in 
FIG. 3). In another embodiment, the received signal strengths a are 
uplinked to the satellite and the transmitting-antenna pointing error £ is 

15 determined at the satellite. 

In receiving-antenna applications, the estimated pointing attitudes 
P, the terminal location X and the signal strengths a received at the 
satellite (from ground terminals that are positioned in beam skirt 
regions) are downlinked to at least one ground terminal (e.g., the 

20 satellite-pointing-determination terminal 89 of FIG. 3) where the 
receiving-antenna pointing error £ is determined and subsequently 
uplinked to the satellite via its antenna system (82 in FIG. 3). In another 
embodiment, the received signal strengths a are used in the satellite for 
determination of the receiving-antenna pointing error 

25 Attention is now directed to the flow chart 180 of FIG. 7 which 

illustrates a wide field-of-view attitude acquisition method of the 
invention. In a first process step 181 of this method, an upload 
transmission is sent to the satellite (80 in FIG. 3) with instructions that 
"color" each spot beam in a downlink pattern with identifiable transmit 

30 parameters P tr (e.g., different frequencies and/or different modulations 
such as amplitude, code or frequency). 

In a second process step 182, the satellite is slewed in a search 
trajectory that will sweep its antenna's ground footprint over a 
ground-based receiving terminal that has a known terminal location X. 

35 The receiving terminal identifies the transmit beams in process step 183 
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from their respective transmit parameters P tr when these beams sweep 
over the terminal during the search slew. The receiving terminal also 
records the identification time, received beam power, and the satellite 
pointing attitude P with respect to an arbitrarily selected starting 
5 reference frame. 

Because the satellite's search trajectory is known, its roll and pitch 
attitude can be determined in process step 184 by the order in which each 
of the beams sweep over the terminal, the corresponding identification 
time, received power and the pointing attitude p. 

10 If it is desired to determine satellite attitude more accurately, the 

satellite is slewed again to position the receiving terminal in an overlap 
region of at least two transmit beams. The slew is stopped at this time 
and received signal strengths a of the transmit beams are measured. The 
satellite attitude is accurately determined from the estimated satellite 

15 pointing attitude (5, the known terminal location X and the signal 
strengths a. 

It is noted that the teachings of the invention on satellite attitude 
acquisition may also be practiced with satellite receive antennas wherein 
ground-based terminals generate "colored" signals. 

20 Methods of the invention may be practiced with the satellite 80 of 

FIG. 4 which is shown in greater detail in FIG. 8. In particular, the 
satellite includes a body 81 that carries an antenna control system 204, 
an attitude control system 206, a data processor 214 and solar panels 83 
that provide power for these systems. The body also carries an antenna 

25 system 82 that responds to the antenna control system 204. In one 
satellite embodiment, the antenna system is formed with a plurality of 
elements 202 (e.g., feedhorns) and associated reflectors 201 and the 
antenna beams are steered with an antenna positioning mechanism. In 
another antenna embodiment, the antenna system is formed with a 

30 phase array antenna 203 and the antenna beams are steered by changing 
the phases associated with the array elements. 

The attitude control system 206 receives attitude and attitude rate 
sense signals from attitude sensors such as a gyroscope system 207 and 
celestial sensors 208 (e.g., sun sensor, star sensor) and controls satellite 

35 attitude by inducing torques in the body 81 with torque generators such 
as a momentum wheel system 209 and a thruster system 210. The 
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attitude control system provides the satellite's estimated attitude. The 
data processor 214 may be one or more processors in systems of the 
satellite (e.g., in the attitude control system 206) and is programmed to 
perform the methods that have been described above. 
5 The teachings of the invention can generally be practiced with the 

same antenna beams (e.g., communication spot beams) that provide 
service to a service area (e.g., the service area 82 of FIG. 3). 

It is well known that antennas operate in accordance with the 
reciprocity theorem which states that the transmitting and receiving 

10 patterns of an antenna are the same. Accordingly, it is intended that 
antenna-related terms of the invention (e.g., payload beam, spot beams 
and beam footprint) are not restricted but apply to transmitting or 
receiving functions as determined by the context in which they appear. It 
is further noted that antenna beam footprints are portions of the earth's 

15 surface over which a satellite antenna system delivers (or receives) a 
specified signal strength. 

Attitude acquisition of beacon-based satellites has conventionally 
been realized with the aid of ground-based beacon signals. Acquisition 
with these systems is, however, limited to a field-of-view that is 

20 substantially less than those in methods of the present invention. 

An exemplary prior art system using conventional beacon 
transmitters for satellite pointing is currently operating on a mobile 
phone satellite. It uses two dedicated radio transmitters on the ground. 
On the satellite, for each beacon, there is a dedicated group of four 

25 slightly displaced receive beams arranged in a pattern similar to Figure 
5A, with the quatrefoil pattern of receive beams 101, 102, 103, 104 
pointed so as to surround the beacon site 96. The relative strength of the 
signals from beacon site 96, as measured by receive beams 101, 102, 103 
and 104, are used to determine the satellite pointing. The pointing error 

30 is not computed unless all four of the receive beams 101, 102, 103, 104 
are receiving the beacon signal. 

A single beacon signal provides enough information to determine 
two pointing errors transverse to the beacon. The second beacon signal, 
from a site at a considerable distance from the first, and "colored" with a 

35 pseudorandom code so that it cannot be mistaken for the first, provides 
similar information, and allows determination of any rotational error, or 
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"yaw" about the line of the first beacon. The allowable pointing error for 
a valid beacon signal is less than a degree, and the initial attitude 
acquisition of the satellite was accomplished with a separate earth 
sensor and sun sensor to bring the satellite within about 5 degrees of the 
5 final attitude. The satellite was then slewed using gyroscopes for 
navigation to within the beacon validity range for final acquisition. The 
beacon sites have no other purpose than to serve as pointing references 
for the satellite, and are expensive to maintain. 

In contrast, this same exemplary prior art system communicates 

10 simultaneously with as many as 10,000 mobile phones through a pattern 
of hundreds of circular overlapping communication beams on four 
frequency sets. Each mobile phone, paid for and maintained by its user, 
contains a GPS receiver and transmits its position to the satellite for 
billing purposes. Each phone also contains signal measurement circuitry 

15 to measure the reception strength of the four frequency sets, and 
transmits information of which set is strongest to the satellite so the 
satellite can transmit to it on the appropriate frequency. 

This prior art system described above is well suited to be modified 
to embody one aspect of the current invention. The modification would be 

20 to update the mobile phone firmware change to transmit the values of the 
four frequency signal strengths in addition to the GPS location. This 
modification would provide the satellite with thousands of data points to 
determine its pointing. The satellite processing on the ground, or the 
ground processing, could then be modified per the current invention to 

25 convert this new data into pointing corrections. 

Even though the individual measurements would be of low quality 
due to the small and randomly pointed antennas of the cellular phones, 
and many, or even most mobile phones would able to lock onto only one 
or two of the frequency sets at a given time, the quantity of data would 

30 make up for the poor quality, and the satellite pointing would not need to 
rely on two expensive and vulnerable dedicated beacon stations. 

Similarly, for initial attitude acquisition, the composite field of the 
hundreds of communication beams on the existing prior art system is 
actually wider than the earth sensor field of view. The prior art system 

35 could be modified to embody a second aspect of the current invention. To 
acquire the satellite attitude, the satellite communication beam pattern 
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could be slewed about the sunline in a cone whose half-angle was the 
distance between the sun and a ground station as viewed from the 
satellite. The operation of the prior art satellite would be modified such 
that each of the hundreds of transmit beams could be set to transmit a 
5 different pattern (in amplitude, frequency, or code), and the patterns 
versus time, and their signal strength, received at the ground station as 
they swept over it, providing more than enough information to determine 
where the ground station lay in satellite pointing frame propagated 
onboard the satellite by the satellite gyroscopes. The operation of the 
10 ground station would be modified to record these signals, and to compute 
the necessary pointing updates to the satellite to acquire the desired 
orientation. 

Alternatively, for acquisition, a ground station could transmit, and 
prior art satellite operation could be modified so that it would transpond 

15 through it's omnidirectional antenna the receive beam signal strengths 
to the ground. Because of the time-of-flight delays in the system, and the 
delays introduced by typical telemetry formatting and ground 
processing, it is useful to time-tag the data for correct interpretation 
when the data is actually analyzed. The ground station operation of the 

20 prior art system would then be modified to compute the necessary 
pointing updates to the satellite to acquired the desired orientation from 
this data. This modification to the prior art system provides a means to 
acquire attitude if it is ever necessary and the earth sensor has failed. In 
other applications, it could make the earth sensor (which costs hundreds 

25 of thousands of dollars) unnecessary. 

The embodiments of the invention described herein are exemplary 
and numerous modifications, dimensional variations and rearrangements 
can be readily envisioned to achieve an equivalent result, all of which are 
intended to be embraced within the scope of the appended claims. 

30 
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